Several aspects pertaining to the measurements of trace radionuclides (such as plutonium) in soil samples by L x-ray detection have been considered. A 3 x 3 multiplexed array of edge-mounted Si detectors with a total detection area of 50 cm2 and FWHM resolution of 300 eV at 17 keV has been conceived. The fractional transmission-weighted solid angle for a distributed, self-absorbing source was calculated to be 0.25, which is one half the value of that for a lossless sheet source. To determine the minimum detectable activity, intensities of 59 L x-ray lines from the decay chains of 238TU and 232Th have been calculated.
I. Introduction
The growing desire to measure radioactive contamination in the environment has stimulated interest in new measurement techniques. Presently nearly all sensitive laboratory methods involve the concentration of the radioactive elements by chemical separation followed by a spectroscopy. Although capable of measuring verylow concentrations, these procedures are difficult, laborious and therefore costly. Direct photon spectroscopy without prior chemical processing of the sample is simpler, more amenable to routine measurements, and likely to be less costly. When gamma emission from the radionuclide of interest is weak or interference obscures significant portions of it, as in the case of plutonium, measurement by x-ray detection may be more effective.
High resolution x-ray spectrometry can also serve as an effective method complementary to in-situ radiation monitoring. The distribution of radioactivity in the soil depth must be known in order to make meaningful in-situ estimates of activity concentration. This depth profile changes from one geographical location to another as well as with time and weather. Measurements of x rays from soil samples taken from different depths, in conjunction with conventional field measurements, could provide more complete and accurate information about the distribution and concentration of radioactivity in soil.
We explored the feasibility of measuring by L x-ray detection contaminant activity concentrations on the order of 1 pCi in 1 g of soil, comparabla to the natural activity of 232Th and 238U in soil. A low background Si detector system suitable for soil sample measurements was conceived. To determine the expected count yield in the detector the transmission-weighted solid angle subtended about a distributed, self-absorbing source was evaluated. The minimum detectable activity is expected to be limited in many cases by line interference from the natural radiation in soil. We therefore have analyzed the transitions in the decay chains of 232Th and 238U in soil and calculated the intensities of all the significant L x-ray lines associated with each deexcitation. Finally, the expected detection sensitivity for several radioactive contaminants, such as fallout and reactor waste, was evaluated for a Si array and compared with NaI detectors.
II. Detector
We have conceived a Si detector array in which each crystal is mounted on its edge and has a thin window on both sides. This edge-mounting geometry doubles the detection area and permits the placement of a NaI detector on each side of the Si detector array. The system being considered for routine measurements of contaminant radionuclides in soil samples is shown in Fig. 2 . It consists of a 3 x 3 detector array with dimensions shown in Fig. 1 (2) where In is the radiation per unit area solid angle normal to the surface of the sample. Thus, for the case where In = Io, the fraction of the detected radiation from a distributed self-absorbing source is one half of that from a sheet source. The difference is due to the additional attenuation in the absorber resulting from the longer path length in the off-axis direction relative to the normal direction. Equation (2) can be interpreted in terms of solid angle by stating it as Ia TIn = 0.25 In (3) where QT is equal to the geometric solid angle fQ weighted by a transmission factor T due to the additional attenuation in the off-axis direction. Thus QT = T * Q = 0.25 (4) where T = 0.5 and fQ = 0. (6) This is the same result as that obtained analytically in Appendix A.
The effect of off-axis attenuation as a function of sample 'thickness can also be seen in Fig. 3 The differential intensity in the normal direction dIn that would be observed from this layer through an absorber of qiven thickness x cm, having a linear attenuation coefficient A cm-1 would be dIn = aI Pe-Ax dx.
f t ix
If the activity were distributed throughout an absorber of thickness d cm, the total normal intensity per unit area solid angle is (8) For an infinitely thick absorber (d = m)
I n aI/ n I/ photons/cm2/min (9) where /lp is the mass attenuation coefficient in cm2/g.
From Eqs. (3) and (9) ( 1 1) V. Background X Rays
The background radiation is normally the major factor in determining the minimum detectable level of a contaminant radionuclide. The use of the NaI detectors in anticoincidence with the Si detector is expected to keep the background continuum below the peaks 2Sthe x ra s emitted in the decay chains of natural U and Y32Th in soil. Thus, the minimum detectable level is likely to be limited by line interference of the background x rays with the x-ray peaks of interest. In order to determine the degree of interference and subsequently the minimum detectable level, we calculated the intensities of the L x rays in the above decay chains.
The decay of 2388u and 232Th produces daughter products, some of which are in excited states. The deexcitation of these nuclei is predominantly by intemal conversion which is accompanied by the emission of L x rays. We have calculated the intensity of these x rays, assuming equilibrium conditions exist between parent nuclides and all daughter products except for radon. For that case, it was assumedl that 8% of the gas escapes from the soil and thereby correspondingly reduces the x-ray intensities from 222Rn daughters.
The total L x-ray intensity is the product of the L electron conversion intensity and the average L shell fluorescent yield. The conversion intensity was obtained from the internal conversion coefficient e/y and either the branching intensity or the gamma intensity. Values for these quantities were taken from compilations, using experimental values when given, in preference to theoretical values. for Pu-Am activity of 1 pCi in 1 g of soil (a = 2. 22 dpm/g). The natural soil activity was assumedl5, 16 (Fig. 7) where the activity of 241Am has built up over a period of 10 years to more than 60%, the NpL x rays obscure much of the ULa1 and UL01
peaks, but not the ULLy peak. However, the latter is largely overlapped by the PaLy2 , complex from soil.
Since soil activity can vary fro'm area to area by as muchl6 as +-100%, the count rate in the ULy1 peak must be 10 times higher than that of the PaLY2 3 peak for a 10% measurement uncertainty. Such a count rate would correspond to a minimum detectable Pu activity of 8 (Table I ). The total L x-ray intensity from Pu-Am, for example in weapons material, is 7.5 x rays/100 a decays (Table IV) . Thus, the minimum One might note that Eq. (A4) is a line that with the axes forms a right angle triangle in which the height dI/dQ = In. the base Q = 0.5 and the total intensity is the area Ia = 0.25 In.
II. Intensity from an Infinitely Thick Source by Layers
Consider an infinitely thick source divided into five layers of progressively increasing thickness so that each layer contributes 1/5 of the total normal intensity at the detector. Each layer is then represented by an equivalent point source. From Eqs. (8) and (9) YLq (Ml) used in the computations are given in Table B4 . BiLy1 214Pb (8) 210Pb (8) 212Pb (8) 15 BiL2 214Pb (8) 210 Pb (6) 212Pb (8) 15.62
ThL82 238U(Ol) 234u (o ) 228Ac (8) 15.64 ThL84 U (o ) 234u (a) 228Ac(a) 15.69 BiLy6 214Pb (8) 210Pb (8) 212Pb(a) 15.71 BiL23 Pb (8) 210Pb (8) 212Pb4() 15 
